Immediate-early genes are part of a cellular response mechanism that reacts to biochemical, electrical, pharmacological, and physiological stimuli as well as changes in behavioral state. In the brain, immediate-early genes such as egr-1 have been used as markers for neuronal activity. These markers could be invaluable in studies that utilize the chick-quail chimaera system to investigate neural components of behavior. Therefore, we decided to clone avian homologs of immediate-early genes to allow an expression analysis in behavioral paradigms and to determine the degree of conservation among diverse species. We report in this study the cloning of the ZENK gene, an egr-1 homolog, from chicken, quail, zebrafinch, and canary. We show that the coding region of this gene is highly conserved and follows established phylogenetic relationships. In situ hybridization demonstrates that the expression pattern is also conserved among species. We further demonstrate that there are regions in the 3Ј untranslated area of the ZENK gene that are as highly conserved as the protein-coding region and that may play a role in postranscriptional regulatory mechanisms of ZENK gene expression.
Introduction
Control of gene expression in the brain in response to extracellular stimuli may occur through the fast-acting transcription factors encoded by immediate-early genes (IEGs). Local increased expression of IEGs is correlated with increased local neuronal activity, suggesting that in the central nervous system, IEGs can serve as a marker for neuronal activity. Numerous studies have been published demonstrating that IEGs such as c-fos (e.g., Hunt, Pini, and Evan 1987; Dragunow and Faull 1989; Meddle et al. 1997; Takeuchi et al. 1996) , c-jun (e.g., Nastiuk et al. 1994; Tischmeyer et al. 1994; Herdegen et al. 1995) , and zif268 (e.g., Chaudhuri and Cynader 1993; Chaudhuri et al. 1997; Da Costa, Broad, and Kendrick 1997) respond to electrical, pharmacological, and physiological stimuli as well as behavioral-state changes (Pompeiano, Cirelli, and Tononi 1994) . Further, IEGs may be implicated in organogenesis (Rackley et al. 1995) , cortical development (Herms et al. 1994 ; also see review by Kaczmarek and Chaudhuri 1997) , and cellular plasticity in learning and memory formation in vertebrates (see references in Jarvis, Mello, and Nottebohm 1995; and reviews by Rose 1991; Kaczmarek 1993) .
Comparisons of IEG transcription factors from phylogenetically diverse groups show that they are highly conserved. Homologs of the zif268 gene, for example, have been cloned and characterized (with different nomenclature) from human (NGFI-A: Milbrandt 1987) , rodents (zif268: Christy, Lau, and Nathans 1988; egr-1: Sukhatme et al. 1988; krox-24: Lemaire et al. 1988) , canary (ZENK: Mello, Vicario, and Clayton 1992) and zebrafish (krox-24: Lanfear, Jowett, and Holland 1991) . The name ZENK, an acronym of zif268, egr-1, NGFIA, and krox-24, has been proposed for the avian version of the gene (Mello, Vicario, and Clayton 1992) . We will use this designation throughout this report.
Sequence conservation is found not only in the IEGs themselves, but also in proteins that bind to IEG transcription factors. For example, the NAB genes, which code for corepressors of NGFI-A, have been identified from mouse as well as from Caenorhabditis elegans (Russo, Sevetson, and Milbrandt 1995; Svaren et al. 1996) . These findings suggest that whole pathways of neuronal gene regulation involving multiple genes are highly conserved. Further evidence that the structural homology reflects functional conservation comes from studies where similar patterns of ZENK expression both at basal and induced levels have been demonstrated in a variety of species (e.g., Mello, Vicario, and Clayton 1992; Kaczmarek and Chaudhuri 1997) .
In studying the functional contribution of IEGs to modifications in behavior, the potentially confounding effects of pleiotropy and genetic background must be addressed. Some species, such as chicken and quail, are exceptionally suited to the study of how the genetic background of neurons contributes to the development of cellular activity patterns due to the existence of a transplantation system where brain areas can be exchanged between the two species during development (Balaban 1997; see review by Le Douarin, DieterlenLievre, and Teillet 1996) . Therefore, probes which detect expression of IEGs such as ZENK in chicken and quail would be valuable tools with which to study cellular activity patterns in the brains of these two species in response to various environmental stimuli. However, gene probes for ZENK are not available for either chicken or quail, and sequence and expression conservation between these two species and other birds is not known. Since we are interested in the role of IEGs in avian development and behavior, we decided to clone, characterize, and compare the avian ZENK genes.
In the present report, we describe the cloning of a region of the avian ZENK gene from the two gallinaceous species Gallus gallus domesticus and Coturnix coturnix japonica, as well as from the two oscine species Taeniopygia guttata and Serinus canaria. We show that expression of ZENK occurs in a conserved pattern and demonstrate that the sequence relationships of these genes mirror the phylogenetic relationships of the species from which they are isolated.
Materials and Methods

Cloning Procedures
Fragments of the ZENK gene from chicken (Gallus gallus domesticus), quail (Coturnix coturnix japonica), zebrafinch (Taeniopygia guttata), and canary (Serinus canaria) were amplified by PCR (Saiki et al. 1988 ) from genomic DNA of each species. A PCR product of 220 bp covering the conserved zinc-finger region of ZENK was obtained from all species analyzed by using the oligonucleotides 5Ј-CCATATGCGTGCCCTGTGGAGTC-3Ј and 5Ј-TTCGTCACTCCTGGCAAACTT-3Ј as primers (Lanfear, Jowett, and Holland 1991) . A larger fragment, of 1.1 kb, stretching from the zinc-finger coding region into the 3Ј untranslated area of the gene was generated from all four bird species (and from mouse DNA as a control) with the oligonucleotides 5Ј-CCATATGCGTGCCCTGTGGAGTC-3Ј and 5Ј-AAAGGCACCAAGACTTGTAACTTTT-3Ј as primers. The second primer of this pair was deduced from a comparison of available avian and mammalian 3Ј untranslated areas. Amplification reactions were performed with 100 ng template DNA, 1.25 U Taq polymerase (Boehringer) 0.2 M primers, and 30 cycles of 94ЊC for 30 s, 45ЊC for 30 s, and 72ЊC for 50 s, followed by one step of 6 min at 72ЊC. PCR products were cloned into the vector pCR2.1 (Invitrogen) and sequenced on both strands by primer walking using ThermoSequenase (Amersham) according to the instructions of the manufacturer. DNA sequences for the 1.1-kb ZENK clones have been posted with GenBank and can be accessed under the following accession numbers: AF026082 for chicken (K-ZENK), AF026083 for quail (Q-ZENK), and AF026084 for zebrafinch (F-ZENK). The 177-bp C-ZENK sequence cloned from canary is available under the number AF026085 and matches the sequence of a previously cloned ZENK gene from canary (Mello 1993) .
Phylogenetic Analysis DNA sequences of the 1.1-kb ZENK gene fragments from chicken, quail, and zebrafinch were derived from the present study. For comparisons, DNA sequences were retrieved from published databases for the genes equivalent to ZENK: human egr-1 (Suggs et al. 1990 ), mouse egr-1 (Sukhatme et al. 1988) , rat NGFIA (Milbrandt 1987) , and zebrafish Krox-24 (Drummond, Rohwer-Nutter, and Sukhatme 1994) . The sequence of the ZENK gene from canary was obtained from a doctoral thesis (Mello 1993) graciously made available by the library of Rockefeller University. The sequence from the rat krox-20 gene, a zinc-finger transcription factor related to ZENK, was used as an outgroup for the phylogenetic analyses (Inokuchi, Murayama, and Ozawa 1996) . Sequence analysis was performed with the software package MacMolly (SoftGene, Germany), and alignments were generated with the program ALIGN. Phylogenetic relationships were evaluated using programs of the software package PHYLIP (Felsenstein 1989) . Bootstrap supports for branches of the rooted phylogenetic tree were estimated by bootstrap analysis with 100 replications (PHYLIP). Phylogenetic trees were plotted using the program TREEVIEW (Page 1996) .
In Situ Hybridization
For in situ hybridization (Hogan et al. 1994 ) of quail brains, birds (4 days after hatching) were deeply anesthetized and perfused with phosphate-buffered saline (PBS) (pH 7.4) containing 10% sucrose. The brain was prepared by dissection, embedded in O.C.T. compound (Miles), frozen on dry ice, and stored at Ϫ80ЊC. Cryosections were cut at 25 m thickness, dried at 50ЊC for 30 min, postfixed for 10 min in PBS/4% paraformaldehyde/0.1% glutaraldehyde, washed twice in PBS, digested with 10 g/ml Proteinase K for 10 min at 37ЊC, washed twice for 5 min in PBS/2 mg/ml glycine, and used for hybridization. Antisense riboprobes were prepared by in vitro transcription of linearized Q-ZENK plasmid with SP6 RNA polymerase (Promega) in the presence of Digoxigenin-11-UTP, with subsequent hydrolysis to an average length of 300 bases. Hybridization was performed for 16 h at 58ЊC in a buffer containing 50% formamide, 0.75 M NaCl, 10 mM PIPES (pH 6.8), 1 mM EDTA, 100 g/ml tRNA (SIGMA), 0.05% heparin, 0.1% BSA, 1% SDS, and 1.5 g/ml antisense RNA probe. Sections were washed once for 50 min in 2 ϫ SSC/0.1% SDS at room temperature and twice for 30 min at 65ЊC in 0.2 ϫ SSC/0.1% SDS, blocked in 2% blocking agent (Boehringer), and reacted with an anti-Digoxygenin antibody-alkaline phosphatase conjugate (Boehringer). Sections were then washed and incubated with the chromogenic substrate BM Purple (Boehringer) for color development.
Results
Cloning of ZENK Genes from Birds
Initially, 220-bp DNA fragments of ZENK genes from chicken, quail, canary, and zebrafinch were obtained by PCR amplification of genomic DNA with primers similar to those described previously in the isolation of the genes krox-20 and krox-24 from various species (Lanfear, Jowett, and Holland 1991) . To obtain homologs of krox-24 and not krox-20, we decided to bias the 5Ј-end primer by including bases for the valine and serine residues that are diagnostic for krox-24. Comparisons revealed that the new sequences were homologous to the previously described genes for human EGR-1, mouse zif268, rat NGFIA, and zebrafish krox-24. Translation of the sequences revealed that they could encode a glutamine residue at position 22 and an isoleucine residue at position 57. These coordinates are according to the zebrafish partial krox-24 sequence (Lanfear, Jowett, and Holland 1991) and are equivalent to positions 365 and 400 of the full-length human egr-1 protein (Suggs et al. 1990) , respectively. Since these amino acids are characteristic for krox-24, we concluded that we had isolated fragments of the ZENK gene from all four bird species.
In order to isolate longer ZENK gene fragments that would be more suitable as hybridization probes for the analysis of ZENK gene expression in birds, we used a PCR amplification strategy that employed a primer in a region of the 3Ј untranslated area that appeared to be conserved among the mammalian sequences as well as in the ZENK gene from canary. We obtained PCR amplicons of about 1.1 kb from all four bird species as well as from mouse, and DNA sequence analysis confirmed that we had cloned the appropriate fragments of the ZENK gene from all species. The clones covered 582 bases of the coding region and about 500 bases of the 3Ј untranslated area. The 5Ј ends of these clones were located in the first of the three zinc-finger motifs of the encoded protein. An alignment of these partial coding regions derived from the bird genes with the homologous regions from mouse, rat, human, and zebrafish is shown in figure 1 . The coding sequences from the two gallinaceous birds were found to be 97% identical, and the two songbirds had 96% identity. Identity between the two families of birds was 89% on average, and the quail sequence, for example, was 71% identical to the human egr-1 sequence.
We further determined that there are regions in the 3Ј untranslated area (UTR) of the ZENK genes that show a high degree of conservation. An alignment of the UTRs is shown in figure 2 (zebrafish sequences from the equivalent area were not available for comparison). The sequences from all four bird species were similar to each other, as were the sequences among the mammals. Similarity between the two groups was generally low, which made alignments difficult. However, we found two regions of DNA in the UTR that showed a degree of conservation that was similar to that observed for the coding region (table 1). The two areas, designated block 1 and block 2, are shaded in figure 2. For comparison, an area designated block 3 was selected that reflects the generally low degree of conservation found in the UTR. Stop codon distribution and coding probability analysis (MacMolly Interpret program) of blocks 1 and 2 indicated that these areas are not translated. However, the strong conservation of certain regions within the UTR suggested they may contain DNA elements that contribute functionally.
Phylogenetic Relationships
To investigate the relationships of the ZENK genes from different species we performed a phylogenetic tree reconstruction based on a maximum-likelihood algorithm. Figure 3 shows the tree resulting from the analysis of the coding region of ZENK. Identical trees were obtained with neighbor-joining and parsimony algorithms. Bootstrap analysis showed that the tree structure was robust. Trees with similar branching patterns were obtained from analyses of blocks 1, 2, and 3 of the 3Ј untranslated region (trees not shown). Comparison of all the trees showed a pattern of sequence relationships that is consistent with the commonly accepted evolutionary origin of birds and mammals. The highest variation was found between the major vertebrate groups, namely teleostei, aves, and mammalia, whereas the highest sequence similarity was evident within the orders of galliformes, passeriformes, and rodentia.
Expression of ZENK
We used in situ hybridizations under conditions of high stringency to (1) test whether the ZENK gene fragments isolated by PCR can hybridize to mRNA from the appropriate species and (2) investigate the pattern of expression of ZENK in the brain of quail 4 days after hatching. We found strong hybridization signals in many different brain areas, including some regions of the forebrain, the cerebellum ( fig. 4A ), the dorsal thalamus ( fig.  4C), and the pituitary (fig. 4D) .
One brain area where the ZENK gene is reliably expressed in many species is the cerebellum (Herdegen et al. 1995; O'Hara et al. 1997) . Figure 4B shows a section of mouse cerebellum hybridized with a riboprobe for egr-1, the mouse homolog of ZENK. As previously reported (Herdegen et al. 1995) , strong signals were found in the mouse cerebellar granule cell layer and in the nuclei of the dorsal tegmentum. Similarly, a strong expression of ZENK was observed in the granule cell layer of the quail cerebellum, demonstrating a conservation of expression on the cellular level between species. A striking feature of the cerebellar hybridization signal in the quail was the uneven labeling observed in the granule cell layer. Strong staining occurred in patches of cells interspersed with groups of unlabeled cells (see arrow in fig. 4A ). Overall, cerebellar staining in quail was consistent across individuals and was detectable in a distribution resembling that of other species (Jarvis, Mello, and Nottebohm 1995) , thus confirming that our clones were derived from a functional ZENK gene.
Taken together, our experiments demonstrate that: (1) coding regions of avian ZENK genes are highly conserved and follow established phylogenetic relationships; (2) expression occurs in a pattern similar to that observed in other vertebrates; and (3) certain regions in the noncoding areas are as highly conserved as the coding regions, suggesting a functional contribution to the expression of the ZENK gene.
Discussion
The role of IEGs in cellular function remains elusive, despite the increasing use of IEG probes in functional mapping studies. IEGs may be involved in an enormous number of dynamic processes, from organogenesis, to postnatal neural development, to adult neuronal plasticity. IEGs may be components of a general FIG. 2. -Alignment of the 3Ј untranslated areas of the ZENK gene from birds with the mammalian homologs. Areas with a high degree of conservation are darkly shaded and are labeled ''block 1'' and ''block 2.'' An area with less conservation is lightly shaded and is labeled ''block 3.'' The bracket above bases 755-762 of the chicken sequence indicate a conserved octamer motif. mechanism of fast cellular response to changes in neuronal activity, in behavioral states, or in developmental events. Alternatively, these fast-acting genes may play specific roles in different situations. Despite the induction of IEGs by many different stimuli, our results suggest that, at least for ZENK, the sequence of the gene and, possibly, its pattern of expression are strongly conserved.
It is a common assumption that conservation of DNA sequences between species occurs because of selective pressures that can act on the biological function of a particular sequence. In the case of protein-coding regions, that function is structural, since changes in the DNA can alter the encoded protein and might render it inactive. The coding region covered by our ZENK clones is conserved and reveals two features. First, the area for the zinc-finger motifs is 100% identical between all birds and mammals, suggesting that it is essential for the function of the protein. This region functions as a DNA-binding domain in all members of the zinc-finger family of transcription factors (Pavletich and Pabo 1991) . Second, the area between the zinc fingers and the C-terminus displays a lower degree of conservation, with, on average, 85% identity between the bird groups and only 60% identity between birds and mammals. No particular function has been assigned to this region of the protein. This lesser conservation indicates that the structural constraints required for this part of the protein to function are not as stringent.
It is also reasonable to assume that noncoding DNA regions that serve regulatory functions are equally likely to be under selective pressure and, therefore, conserved. Such regulatory functions may be at the transcriptional or translational level. Mutations in transcription-factorbinding sites in promoter and enhancer regions of a particular gene could affect the formation of transcription factor-DNA complexes and therefore be deleterious to the control of gene expression. Sequences that affect mRNA structure and stability (Ross 1995 (Ross , 1996 can contribute to regulation on the translational level, where the availability of an mRNA for translation depends on the mRNA half-life.
We find that in the ZENK gene, two regions of the 3Ј untranslated area are as highly conserved as the coding regions. This degree of conservation, unexpected for a noncoding area, could be the result of selective mechanisms and may indicate a biological function for those sequence regions. Such sequences might serve as DNA regulatory elements that influence transcription or as regulatory components of the ZENK mRNA that affect stability. Concerning transcription, it is interesting to note that the ZENK UTR contains a conserved octamer motif (ATTTGCAT, position 755 of the chicken sequence); the same motif has been shown to direct transcription of the junD gene (de Groot et al. 1991) . Support for a posttranscriptional regulatory mechanism that controls the half-life of the mRNA was demonstrated in expression studies of the human ZENK homolog egr-1 in stimulated leukemia cells (Bernstein et al. 1991) . RNA-folding algorithms applied to the 3Ј untranslated region of the chicken ZENK gene predict possible secondary structures not unlike those presumed to be involved in mRNA stability (Ross 1995) . Further experiments will be required to determine whether the conserved sequences in the 3Ј untranslated area of the ZENK gene have any regulatory capacity.
Several lines of evidence suggest that ZENK gene expression may be part of a highly conserved regulatory mechanism. (1) Our results show that ZENK coding as well as noncoding regions are strongly conserved, with the small deviations from homology explainable by phylogenetic distance. (2) We have demonstrated here that the expression pattern of ZENK appears to be highly conserved between species. (3) Recent experiments show that proteins which bind to NGFI-A and modify its activity can be found in mammals as well as in the nematode worm Caenorhabditis elegans (Svaren et al. 1996) , suggesting that the conservation of ZENK reflects the importance of a multigene cellular response mechanism.
Thus, suites of genes comprising the IEG fast cellular response may endure similar selective pressure and be coupled through evolution. The degree of conservation within these suites of genes would depend on the critical nature of the gene product structure, as well as the magnitude and direction of selection due to pleiotropy. Further studies are necessary to elucidate mechanisms underlying conservation and regulation of such a complex system. For functional studies, the cloning of IEGs in species such as chicken and quail opens new possibilities for investigating ZENK expression in complex behavioral paradigms while controlling genetic background through chimeric transplantation experiments. SUKHATME, V. P., X. M. CAO, L. C. CHANG et al. (12 coauthors 
